We assess how different ATLAS and CMS searches for supersymmetry in the tt + E miss T final state at Run 1 of the LHC constrain scenarios with a fermionic top partner and a dark matter candidate. We find that the efficiencies of these searches in all-hadronic, 1-lepton and 2-lepton channels are quite similar for scalar and fermionic top partners. Therefore, in general, efficiency maps for stop-neutralino simplified models can also be applied to fermionic top-partner models, provided the narrow width approximation holds in the latter. Owing to the much higher production cross-sections of heavy top quarks as compared to stops, masses up to m T ≈ 850 GeV can be excluded from the Run 1 stop searches. Since the simplifiedmodel results published by ATLAS and CMS do not extend to such high masses, we provide our own efficiency maps obtained with CheckMATE and MadAnalysis 5 for these searches. Finally, we also discuss how generic gluino/squark searches in multi-jet final states constrain heavy top partner production.
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Introduction
After the discovery of the Higgs boson [1, 2] , the quest for new physics beyond the Standard Model (SM) is arguably the most pressing open issue in particle physics. If this new physics is responsible for the dark matter (DM) of the universe in the form of weakly interacting massive particles, its signatures at the LHC and other future colliders are expected to be characterized by events with an excess of missing transverse energy, E miss T
. An intense experimental effort is thus being made at the LHC to isolate such signatures, though no signal has been observed so far.
1
The prototype for a new physics model leading to E miss T signatures is R-parity conserving supersymmetry (SUSY), in particular the minimal supersymmetric standard model (MSSM) with a neutralino as the lightest supersymmetric particle (LSP) [3] [4] [5] . Indeed, a large number of searches for final states containing jets and/or leptons plus E miss T have been designed by the ATLAS and CMS SUSY groups [6, 7] , and the interpretations of the results are typically limits in some SUSY simplified model. Examples are multi-jet + E miss T searches being interpreted as limits in the the gluinoneutralino mass plane, or searches for the tt + E miss T final state being interpreted in terms of stops decaying to top+neutralino.
The same searches can be used to put constraints on scenarios leading to final states with E miss T generated by the production of extra quarks (XQs) decaying to a bosonic DM candidate. This occurs for instance in Universal Extra Dimensions (UED) [8] [9] [10] [11] [12] , Little Higgs models with T-parity [13] [14] [15] [16] [17] [18] , or generically any model with extra matter and a Z 2 parity under which the SM particles are even and (part of) the new states are odd. A common feature of these models is that the new states have the same spin as their SM partners, while in SUSY the spins differ by half a unit.
In all these models, the lightest odd particle is a DM candidate which interacts with the SM states through new mediator particles. A crucial property of scenarios where the mediators are odd is that they can only be produced in pairs or in association with other odd particles. This is then followed by (cascade) decays into SM particles and the DM candidate. Since the spins in the decays are all correlated, if it was possible to identify the spin of the mediator, this would give information on the bosonic/fermionic nature of the DM candidate as well.
It is therefore interesting to ask how the current results from SUSY searches constrain other models of new physics that would lead to the same signatures, and how same-spin and different-spin scenarios could be distinguished should a signal be observed. In this paper, we concentrate on the first of these questions, comparing the cases of pair production of scalar (SUSY) and fermionic (XQ) top partners with charge 2/3, which decay into t + DM, 2 thus leading to a tt + E Top partner with spin 1/2: pp → TT → tt + {S 0 S 0 or V 0 V 0 } whereχ 0 , S 0 and V 0 represent fermionic, scalar, and vectorial DM candidates respectively. Recasting a number of ATLAS and CMS searches for stops [19] [20] [21] [22] from Run 1 of the LHC, as well as a generic search for gluinos and squarks [23] by means of CheckMATE [24] and MadAnalysis 5 [25, 26] , we compare the efficiencies of these searches for the processes above. This allows us to determine whether crosssection upper limit maps or efficiency maps derived in the context of stop-neutralino simplified models can safely be applied to XQ scenarios where the tt + E miss T final state arises from the production of heavy T quarks. Such maps are used in public tools like SModelS [27, 28] and XQCAT [29, 30] , and it is relevant to know how generically they can be applied. Moreover, we determine up-to-date bounds in the parameter space of the XQ and DM masses -such bounds were posed by a few early searches at the Tevatron [31, 32] and the LHC at 7 TeV [33, 34] , but can be improved by a reinterpretation of the 8 TeV LHC results as we do in this paper.
Related studies exist in the literature. In particular, a re-interpretation of a few ATLAS and CMS SUSY searches at 7 TeV in terms of UED signatures was done in [35] , using among others a simplified scenario with top-partners decaying to DM and light quarks. The applicability of SUSY simplified model results to new physics scenarios with same-spin SM partners was analysed in [36] also in the context of UED, focussing on the so-called T2 topology which corresponds to squark-antisquark production in the limit of a heavy gluino. The effect of a different spin structure for the l + l − + E miss T final state was studied in [37] . Recently, a study of constraints and LHC signatures of a scenario with a vector-like top partner decaying to a top quark and scalar DM has been performed in [38] . Here, we extend these works by considering specifically top partners and by applying up-to-date recasting tools.
The structure of the paper is the following. In Section 2, we describe the simplified models we use for the SUSY and XQ scenarios and define the benchmark points we consider for our analysis. The tools we use and the processes we consider are described in Section 3, together with selected kinematical distributions at generator level which are useful for a better understanding of our results. Section 4 provides detailed descriptions of the experimental analyses and the effects found for our benchmark points. The results are then summarized in the top-partner versus DM mass plane in Section 5. Section 6 contains our conclusions. A few additional results and comparisons which may be interesting to the reader are presented in Appendix A. The event numbers from the experimental analyses are listed in Appendix B.
2 Benchmark scenarios 2.1 The SUSY case: stop-neutralino simplified model
The prototype for the tt + E miss T signature in the SUSY context is a stop-neutralino simplified model. This assumes that the lighter stop,t 1 , and the lightest neutralino, χ 0 1 , taken to be the lightest SUSY particle and the DM candidate, are the only accessible sparticles -all other sparticles are assumed to be heavy. In this case, direct stop pair production is the only relevant SUSY production mechanism. Moreover, for large enough mass difference, thet 1 decays to 100% into t +χ Following the notation of [39] , the top-stop-neutralino interaction is given by (i = 1, 2; k = 1, ..., 4)
where P R,L = 1 2
(1 ± γ 5 ) are the right and left projection operators, and at ik = ft Lk Rt i1 + ht Rk Rt i2 , bt ik = ht Lk Rt i1 + ft Rk Rt i2 .
3)
The ft L,R and ht L,R couplings are 4) with N the neutralino mixing matrix and y t = m t /( √ 2m W sin β) the top Yukawa coupling in the MSSM. Finally, R is the stop mixing matrix,
t R , R = cos θt sin θt − sin θt cos θt . (2.5)
All this follows SLHA [40] conventions. Under the above assumption that all other neutralinos besides theχ While in practice one never has a pure bino, this approximation shows that the polarisation of the tops originating from thet 1 → tχ 0 1 decays will reflect the chirality of thet 1 . (The wino interaction also preserves the chirality, while the higgsino one flips it.) This will be relevant for defining XQ benchmark scenarios analogous to SUSY ones, since the p T and angular distributions of the top decay products somewhat depend on the top polarisation [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] .
The extra quark scenario: conventions and Lagrangian terms
As the XQ analogue of the SUSY case above, we consider a minimal extension of the SM with one extra quark state and one DM state, assuming that the XQ mediates the interaction between the DM and the SM quarks of the third generation. Interactions between the XQ, DM and lighter quarks are neglected. The most general Lagrangian terms depend on the representation of the DM and of the XQ. We label XQ singlet states as T (with charge +2/3) or B (with charge −1/3) and XQ doublet states as Ψ Y , where Y corresponds to the weak hypercharge of the doublet in the convention Q = T 3 + Y , with Q the electric charge and T 3 the weak isospin. The doublets can then be Ψ 1/6 = T B or states which contain exotic components Ψ 7/6 = between the XQ, the DM and the SM quarks are denoted as λ q ij if the DM is scalar, or g q ij if the DM is vector: the labels {i, j} = 1, 2 indicate the representations of the XQ and DM respectively (1 for singlet, 2 for doublet), while q = t, b identifies which SM quark the new states are coupled with, in case of ambiguity. We classify below the Lagrangian terms for the minimal SM extensions with one XQ and one DM representation (singlets and doublets) but we anticipate that in the following, for simplicity, we will only consider scenarios with a DM singlet.
• Lagrangian terms for a DM singlet. A DM singlet can couple either with a XQ singlet or with a XQ doublet
• Lagrangian terms for a DM doublet. A DM doublet can couple with XQ singlets -5 -or doublets with different hypercharges.
However, in scenarios with a DM doublet, there are always additional exotic states besides the XQ partners of the SM quarks and the DM state, namely charged scalars or vectors and quarks with charges 5/3 or 4/3. As mentioned above, in order to stick to a minimal extension of the SM containing a partner of the top quark and the DM candidate as the only new states, in the following we consider only the Lagrangian terms of Eqs. (2.7) or (2.8), depending on the spin of the DM. It is also worth noticing that in the considered scenarios the XQs do not mix with SM states because they have a different quantum number under the Z 2 symmetry. Moreover, to focus only on top partners, we set λ
Depending on the representation of the XQ, one can then identify some limiting cases:
• Vector-like XQ (VLQ). If the XQ is vector-like, the left-handed and righthanded projections belong to the same SU (2) representation. Therefore if the VLQ is a singlet, only couplings with SM singlets are allowed, and λ 21 = 0 or g 21 = 0. On the other hand, if the VLQ is a doublet, λ 11 = 0 or g 11 = 0. Unlike cases where VLQs mix with the SM quarks through Yukawa couplings via the Higgs boson, couplings for the opposite chiralities are not just suppressed, they are identically zero. The mass term for a VLQ can be written in a gaugeinvariant way as:
where M T VLQ is a new physics mass scale not necessarily related to a Higgs-like mechanism for mass generation.
• Chiral XQ (ChQ). If the XQ is chiral, all the couplings of Eqs. (2.7) or (2.8) can be allowed at the same time. ChQs can acquire mass in a gauge invariant way via the Higgs mechanism, analogously to SM quarks:
where M {T,B} ChQ = y
{T,B}
XQ v/ √ 2 and v is the Higgs VEV. At this point it has to be mentioned that the contribution of the new ChQ to Higgs production and -6 -decay processes, even if different from scenarios where a 4 th chiral generation mixes with the SM quarks, can be used to pose constraints on the coupling between the XQ and the Higgs boson, and as a consequence, on the maximum mass the ChQ can acquire through the Higgs mechanism. Of course, ChQs can still acquire mass by some different new physics mechanism (for example by interacting with a heavier scalar which develops a VEV). For this reason we can consider the ChQ mass as a free parameter in the following analysis.
Benchmark points
In order to compare the XQ and SUSY scenarios, it is useful to consider benchmark points with the same top-partner and DM masses as well as the same left and right couplings (leading to t L or t R in the final state) for the two models. To this end, we start from the stop-neutralino simplified model and choose two mass combinations: (mt 1 , mχ0 1 ) = (600, 10) GeV and (mt 1 , mχ0 1 ) = (600, 300) GeV. The first one is excluded by the 8 TeV searches, while the second one lies a bit outside the 8 TeV bounds [21, [52] [53] [54] [55] .
3 Moreover, since the searches fort 1 → tχ 0 1 exhibit a small dependence on the top polarisation [20] , we consider the two casest 1 ∼t R and t 1 ∼t L . 4 The results for arbitrary stop mixing (or top polarisation) will then always lie between these two extreme cases. This leads to four benchmark scenarios, which we denote by (600, 10)L ; (600, 10)R ; (600, 300)L ; (600, 300)R .
The strategy then is to use the same mass combinations (m T , m DM ) and left/right couplings for the XQ case. For XQ+S 0 DM , we directly use λ t 11 = bt 11 and λ t 21 = at 11 . For XQ+V 0 DM , however, the width of the XQ would be too large if we were using the same parameters as in the SUSY or scalar DM case; to preserve the narrow width approximation, we therefore reduce the couplings by a factor 10, i.e. g t 11 = bt 11 /10 and g t 21 = at 11 /10. The concrete values for the different benchmark scenarios are listed in Table 1 .
The alert reader will notice that in Table 1 , although there is a strong hierarchy between the left and right couplings, both of them are non-zero. Moreover, the couplings for the (600, 300)L case are not the same as for the (600, 10)L case; the same is true for (600, 300)R vs. (600, 10)R. The reason for this is as follows. The pure left or pure right case,t 1 ≡t L ort R , would require that the off-diagonal entry in the stop mixing matrix is exactly zero, that is A t ≡ µ/ tan β, where A t is the trilinear stop-Higgs coupling, µ is the higgsino mass parameter and tan β = v 2 /v 1 is 3 The (mt 1 , mχ0 1 ) = (600, 300) GeV mass combination actually lies just on the edge of the new 13 TeV bounds presented by CMS [56] at the Moriond 2016 conference. 4 Strictly speaking, because of SU (2), at 1 ∼t L should be accompanied by ab L of similar mass; with no other 2-body decay being kinematically open, the sbottom would however decay to 100% into bχ 0 1 and thus not contribute to the tt + E miss T signature.
-7 - the ratio of the Higgs vacuum expectation values. To avoid such tuning, and also because theχ 0 1 will never be a 100% pure bino even if the winos and higgsinos are very heavy, we refrain from using the approximation of Eq. (2.6) with N 11 = 1 and cos θt = 1 or 0. Instead, we choose the masses of the benchmark points as desired by appropriately adjusting the relevant soft terms while setting all other soft masses to 3-5 TeV. From this we then compute the stop and neutralino mixing matrices and the fullχ 0 1t 1 t couplings at 11 and bt 11 of of Eq. (2.2), using SuSpect v2.41 [57] . The resulting values are N 11 1, cos θt 1 (or sin θt 1) to sub-permil precision, but nonetheless this leads to a small non-zero value of the "other" sub-dominant coupling, and to a slight dependence on theχ 0 1 mass. An interesting consequence is that our comparison between SUSY and XQ is effectively between SUSY and ChQ scenarios. A comparison between SUSY and VLQ scenarios would requiret 1 ≡t L ort 1 ≡t R . Our conclusions however do not depend on this.
Monte Carlo event generation
Setup and tools
For the Monte Carlo analysis, we simulate the 2 → 6 process
with MadGraph 5 [58, 59] , where DM is the neutralino in the SUSY scenario or the scalar/vector boson in the XQ scenario. This preserves the spin correlations in the t → W b decay. Events are then passed to Pythia 6 [60] , which takes care of the decay W → 2f as well as hadronisation and parton showering.
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For the SUSY scenarios we make use of the MSSM model file in MadGraph, while for the XQ simulation we implemented the model in Feynrules [62] to obtain the UFO model format to be used inside MadGraph. For the PDFs we employ the cteq6l1 set [63] . To analyse and compare the effects of various ATLAS and CMS 8 TeV analyses, we employ CheckMATE [24] as well as MadAnalysis 5 [25] . Both frameworks use Delphes 3 [64] for the emulation of detector effects. The Feynman diagrams relevant for the SUSY and XQ processes are shown in Fig. 1 . We observe that besides the difference in the spin of the mediator and DM, in the SUSY case there is a topology which is not present in the XQ case, namely the 4-leg diagram initiated by two gluons. The pp →t 1t Figure 3 . Differential distributions (normalized to one) of jet multiplicity n jets , transverse momentum of the leading and sub-leading jet p T (j 1 ) and p T (j 2 ), missing transverse energy E miss T , and p T of the leading and sub-leading lepton p T (l 1 ) and p T (l 2 ) for the mass combination (600, 10). -11 - when comparing SUSY and XQ cases. Small differences, of the level of few percent, occur only in the requirement of at least six jets (cf. Fig. 3 ) and the condition on "3 closest jets" and "second closest jets", but these differences tend to compensate each other. Finally, the effect of the E miss T cuts that define the three SRs is almost the same for the SUSY and XQ scenarios. Consequently, the final numbers of events in each of the SRs agree within 5% for the SUSY and XQ scenarios.
The total efficiencies in the three SRs, cross-section excluded at 95% CL and corresponding top-partner mass limits in GeV are compared in Table 3 for all four benchmark scenarios. 8 We see that for a specific mass combination, the total efficiencies and hence the upper limit on the cross-section are very similar for the SUSY and XQ hypotheses. The derived lower limit on the top-partner mass of course depends on the input cross-section (whether it is assumed SUSY-like or XQ-like), and is thus higher for the XQ interpretation than for the SUSY interpretation. However, the differences in the mass limits arising from applying SUSY, XQ-SDM or XQ-VDM efficiencies are generally small. Indeed for the (600, 10) scenarios, i.e. large mass splitting, they are only 2-4 GeV, which is totally negligible. For smaller mass splittings, represented by the (600, 300) scenarios, they reach about 10-20 GeV, which is still negligible. Finally, note that the effect on the mass limit from considering L vs. Table 3 . Efficiencies in the three SRs, cross-section (XS) excluded at 95% CL, corresponding extrapolated top-partner mass limits in GeV, and CLs exclusion value from the hadronic stop analysis of ATLAS derived with CheckMATE. "mass limit/SUSY XS" means that the excluded XS is translated to a mass limit using the SUSY production cross-section from Fig. 2 , while "mass limit/XQ XS" means the limit is estimated using the XQ crosssection. The exclusion CL is obtained considering the corresponding cross-sections at 600 GeV, σ(t 1t * 1 ) = 0.024 pb for stop production and σ(TT ) = 0.167 pb for XQ production. The most sensitive SR used for the limit setting is marked with a star.
R polarised tops is of comparable size.
Stop search in the single lepton final state
Stops are also searched for in final states with a single lepton, jets and E miss T , arising from one W decaying leptonically while the other one decays hadronically. The ATLAS analysis [20] for this channel is implemented in CheckMATE, while the (cut-based version of) the corresponding CMS analysis [21] is implemented in the MA5 PAD.
In the CMS analysis [21] , events are required to contain one isolated electron (muon) with p T > 30 (25) GeV, no additional isolated track or hadronic τ candidate, at least four jets with p T > 30 GeV at least one of which must be b-tagged, E miss T > 100 GeV and M T > 120 GeV. The analysis further makes use of the quantity M W T2 , a hadronic top χ 2 ensuring that three of the jets in the event be consistent with the t → bW → bqq decay, and the topological variable ∆φ(E miss T , jet). Various signal regions are defined targetingt 1 → tχ 0 1 ort 1 → bχ + 1 decays with small or large mass differences between the stop and the neutralino or chargino.
As an illustrative example, we show in Table 4 Table 4 . Cut-flow for the "t 1 → tχ 0 1 , high ∆M , E miss T > 300 GeV" signal region (denoted SR-A) of the CMS stop search in the 1-lepton channel for Point (600, 10)R, derived with the MadAnalysis 5 recast code [76] . Note that the event weighting to account for trigger and lepton identification efficiencies and for initial-state radiation effects is not included in this cut-flow. More details about these aspects and their implementation of the recast code can be found in the original references [21] and [76] . Table 5 . Efficiencies for the "
GeV" (denoted SR-B) signal regions, cross-sections excluded at 95% CL, corresponding extrapolated top-partner mass limits in GeV, and CLs exclusion value from the 1-lepton stop analysis of CMS, derived with the MadAnalysis 5 recast code [76] . The most sensitive SR used for the limit setting is indicated by a star.
the level of 5% in the cut efficiency, arises from the requirement of at least four jets. All other cuts have again almost the same effects on the SUSY and XQ models. Altogether, starting from the same number of events, we end up with slightly more SUSY than XQ events in this SR, but this difference is only 6-7%. Table 5 summarises the total efficiencies in the two most important SRs of this analysis, the cross-sections excluded at 95% CL and the corresponding top-partner -15 -mass limits in GeV for all four benchmark scenarios. Note that, for large mass splitting, the SRs "t 1 → bχ
GeV" (here denoted as SR-B) which is optimized fort 1 → bχ
have very similar sensitivities. In fact we observe that the most sensitive SR depends on the top polarisation. Events with left polarised tops are more likely to pass the additional requirement of SR-B on the leading b-jet, p T > 100 GeV. Concretely, in the SUSY scenario the expected upper limits are 0.0290 pb in SR-A versus 0.0251 pb in SR-B for (600,10)L and 0.0291 pb vs. 0.0295 pb for (600,10)R. CMS has observed a small underfluctuation in both these SRs: 2 observed events vs. 4.7 ± 1.4 expected in SR-A and 5 observed events vs. 9.9±2.7 expected in SR-B. Overall the observed cross-section limit is somewhat lower in the left-polarised scenario. An analogous observation holds for the XQ scenarios; the differences between SUSY and XQ scenarios are negligible.
Finally, for smaller mass gaps, SR-B is more sensitive in all considered scenarios and we observe differences at the level of 10-15% in the total signal selection efficiencies, which translate into up to about 20% differences in the excluded cross-sections, or 5% in the estimated mass limits. The uncertainty from considering scenarios that lead to left or right polarised tops is of similar magnitude. The latter is consistent with the observation in [21] that the limits on thet 1 andχ The corresponding ATLAS search [20] for this channel is implemented in Check-MATE. Here, the signal selection requires a least one "baseline" lepton with p T > 10 GeV, which is later tightened to exactly one isolated lepton with p T > 25 GeV. (labelled 'bC_'), and the last 2 target 3-body and mixed decays. A minimum number of jets ranging between 2 and 4 is required depending on the SR, together with btagging requirements and an E miss T cut of at least 100 GeV. As for the CMS analysis, a number of kinematic variables (m T , am T 2 , ∆φ(E miss T , p T (jet)), etc.) are exploited for reducing the background. The relevant SRs for our benchmark points are tN_med, bCd_high and bCd_bulk.
10 Of course, for the limit setting only the most sensitive one is used. A partial cut-flow example is given in Table 6 for Point (600, 10)R. The results for all four benchmark points are summarised in Table 7 .
As in the CMS analysis, we observe very similar sensitivities in several signal regions, and it depends on details of the scenario which SR turns out as the best Table 6 .
Partial cut-flows for the ATLAS stop search in the 1-lepton channel for Point (600, 10)R, derived with CheckMATE. Shown are the effects of the preselection cuts and the final numbers of events in specific signal regions. The cut-flows are given separately for electrons and muons. Table 7 . Efficiencies for selected SRs, cross-sections excluded at 95% CL , corresponding extrapolated top-partner mass limits in GeV, and CLs exclusion values for the ATLAS stop search in the 1-lepton channel, derived with CheckMATE. The most sensitive SR used for the limit setting is indicated by a star.
one. It should be noted here that small differences in selection efficiencies can have a considerable impact on the observed limit if they yield different SRs as the most sensitive one. In particular, ATLAS has observed more events than expected in SR bCd_high1 (16 observed events vs. 11 ± 1.5 expected). Consequently, limits obtained from this SR are weaker than those using tN_med (12 observed vs. 13 ± 2.2 expected) -17 -or bCd_bulk_d (29 observed vs. 26.5±2.6 expected). This is relevant, for example, for Point (600, 10)L. Nonetheless, the differences when comparing SUSY, XQ-SDM and XQ-VDM cases remain small, in particular always well below the 20-30% estimated systematic uncertainty inherent to recasting with fast simulation tools. It is also worth pointing out that, in contrast to its CMS counterpart, this ATLAS analysis tends to give stronger limits for R than for L scenarios. The effect is more pronounced for smaller mass differences, in agreement with Fig. 24 in [20] . Overall, the sensitivity to polarisation effects, while larger than for the CMS analysis, remains small.
Stop search in the 2-leptons final state
Let us next discuss the 2-lepton final state considered in the ATLAS analysis [22] . This analysis searches for direct stop-pair production witht 1 → bχ
, targeting leptonic W decays. Events are required to have exactly two oppositely charged signal leptons (electrons, muons or one of each, defining same flavour (SF) and different-flavour (DF) selections). At least one of these electrons or muons must have p T > 25 GeV and m > 20 GeV. Events with a third preselected electron or muon are rejected. The analysis is subdivided into a "leptonic mT2" and "hadronic mT2" analysis, as well a multivariate analysis (MVA), which cannot be reproduced with our simulation frameworks. The "leptonic mT2" (4 SRs) and "hadronic mT2" (1 SR) analyses respectively use m T 2 and m
as the key discriminating variable. Other kinematic variables used include ∆φ j (∆φ ), the azimuthal angular distance between the p miss T vector and the direction of the closest jet (highest p T lepton).
The "leptonic mT2" analysis has 4 overlapping SRs defined by m T 2 > 90, 100, 110 and 120 GeV. From these, seven statistically independent SRs denoted S1-S7 are defined in the (jet selections, m T 2 ) plane, where 'jet selections' refers to the number of jets with a certain minimum p T , see Fig. 13 in [22] . The most sensitive one for our benchmark points is S5, which has m T 2 > 120 GeV and at least two jets with p T (jet1) > 100 GeV and p T (jet2) > 50 GeV. Table 8 shows a cut-flow example for the SF selection for Point (600, 10)R, as well as an abbreviated version for the DF selection. Note that the leptonic W decay was enforced in Pythia to increase statistics. The SF selection gives less events than the DF one because the Z veto removes about 20% of events in the former but none in the latter. The combined count for SR S5 is given as the last line in the table. As was already the case for the other analyses, no significant differences occur at any particular step of the cut-flow. At the end we are left with the marginal difference of 4% more XQ than SUSY events in a total selection efficiency of barely 3 permil (when considering events where the W is allowed to decay to anything).
The picture is similar for Point (600, 10)L, for which the cut-flow is given in Table 9 . Noteworthy is the fact that the initial difference in Points (600, 10)R and (600, 10)L from the 2 lepton selection (the first cut) is inverted by the last cut, so Table 9 . Cut-flow example for the ATLAS stop search in the 2-lepton channel for Point (600, 10)L, derived with CheckMATE. To be compared with Table 8 . W s were again forced to decay leptonically to enhance statistics.
that in the final SR there remain more events for (600, 10)L than for (600, 10)R. This is a consequence of the dependence on the top polarisation already noted in the parton-level plots in Figs. 3 and 4 .
Either way, as can be seen from Table 10 , there is again no significant difference in the total efficiencies and excluded cross-sections between SUSY, XQ-SDM and XQ-VDM scenarios.
-19 - Table 10 . Efficiencies, cross-sections excluded at 95% CL, corresponding extrapolated top-partner mass limits in GeV, and CLs exclusion value for the ATLAS stop search in the 2-lepton channel, derived with CheckMATE. All numbers correspond to the most sensitive signal region, SR5.
Gluino/squark search in the 2-6 jets final state
For completeness, we also include a generic SUSY search (nominally for squarks and gluinos) in final states containing high-p T jets, missing transverse momentum and no electrons or muons in our analysis. Concretely, we here consider the ATLAS analysis [23] via the MadAnalysis 5 recast code [77] . (A CheckMATE implementation of the same analysis was done in [79] and will be used in Appendix A). Our original purpose was to compare the performance of the hadronic stop analysis to that of a multi-jet analysis which was not optimized for the tt + E miss T signature. But, as we will see, the effective mass M eff variable employed in the generic gluino/squark search offers a useful complementary probe.
Regarding the signal selection, the ATLAS analysis [23] comprises 15 inclusive SRs characterized by increasing minimum jet multiplicity, N j , from two to six jets. Hard cuts are placed on missing energy and the p T of the two leading jets: E miss T > 160 GeV, p T (j 1 ) > 130 GeV and p T (j 2 ) > 60 GeV. For the other jets, p T > 60 or 40 GeV is required depending on the SR. In all cases, events are discarded if they contain electrons or muons with p T > 10 GeV. Depending on N j , additional requirements are placed on the minimum azimuthal separation between any of the jets and the
Finally, a cut is placed on M eff (incl.), which sums over all jets with p T > 40 GeV and E miss T . A cut-flow example is shown in Table 11 for Point (600,10)R for a SR with 4 jets (SR 4jl). Note that, starting from 200K events, we end up with about 15% (11%) more SUSY than XQ-SDM (XQ-VDM) events in this SR. The reason for this is that the cuts on p T (j) and M eff remove somewhat more XQ than SUSY events, as expected from the distributions in Fig. 3 Table 11 . Cut-flow for the 4jl SR of the ATLAS gluino and squark search in the 2-6 jets channel for Point (600, 10)R, derived with the MadAnalysis 5 recast code [77] . Table 12 . Efficiencies, cross-sections excluded at 95% CL and corresponding extrapolated top-partner mass limits in GeV for the ATLAS gluino and squark search in the 2-6 jets channel, derived with the MadAnalysis 5 recast code [77] . The last entry is the CLs exclusion value. The most sensitive SR is 4jl for the (600, 10) mass combination and 4jlm for the (600, 300) mass combination. Note that for this search the efficiencies strongly depend on the top-partner mass, so the extrapolation of the mass limit is unreliable; this is to large extent due to the cut on M eff . Table 12 summarises the total efficiencies in the most important SRs of this analysis together with the cross-sections excluded at 95% CL and the corresponding estimated top-partner mass limits for all four benchmark scenarios. We observe about 20% difference in the excluded cross-sections between SUSY and XQ interpretations. However, the mass limits derived from the excluded cross-sections are not reliable because for this search the total efficiencies strongly depend on the top-partner mass. As we will see in the next section, while this analysis does provide a limit on TT production because of the larger cross-section, it is not sensitive tot 1t
Results in the top-partner versus DM mass plane
Having analysed the differences, or lack thereof, in the cut efficiencies of the experimental analyses for our four benchmark points, we next perform a scan in the plane of top-partner versus DM mass to derive the 95% CL exclusion lines. For definiteness, we keep the couplings fixed to the same values as for the (600, 10)L and (600, 10)R benchmark points. Figure 5 presents the results for the ATLAS fully hadronic stop search implemented in CheckMATE (top row), the CMS 1-lepton stop search recast with MadAnalysis 5 (middle row) and the ATLAS stop search in the 2-lepton final state recast with CheckMATE (bottom row). The left panels are for the couplings of Point (600, 10)L, the right panels for the couplings of Point (600, 10)R, see Table 1 . Shown are the 95% CL exclusion lines obtained from SUSY, XQ-SDM and XQ-VDM event simulation (dashed black, full black and full grey lines, respectively), as well as the exclusion lines obtained from rescaling SUSY efficiencies with XQ cross-sections (dotted black line). For each bin, the most sensitive SR used for the limit setting in the SUSY, XQ-SDM and XQ-VDM case is indicated by a coloured symbol as shown in the plot legends. For reference, the official ATLAS/CMS exclusion lines are also shown as full red lines.
For the CMS 1-lepton search, our exclusion line for left stops agrees remarkably well with the official CMS line (from the cut-based analysis). This is somewhat accidental, as i) the official CMS limit is for for unpolarised stops, and ii) in our simulation the limit is mostly obtained from a SR optimised for decays to bottom and chargino, not from one optimised for decays to top and neutralino. On the other hand, the fairly large discrepancy for the ATLAS 2-lepton search is explained by the fact that the official exclusion curve was obtained using an MVA not available in CheckMATE.
We see that over most of the mass plane, the best SR is the same for SUSY, XQ-SDM and XQ-VDM. (For the points where they are different, the sensitivities of the best and 2nd best SRs are actually quite similar.) The main conclusions which can be inferred from the plots are the following:
1. There are no significant differences between the XQ scenarios where the top partner decays to scalar or vector DM. This is expected because in the narrowwidth approximation the process is largely dominated by the resonant contribution, the cross-section of which can be factorised into production cross-section times branching ratios. Since in our framework the branching ratios are 100% in the t + DM channel, there are no relevant differences between different DM hypotheses.
2. The contours obtained by rescaling the SUSY efficiencies with the XQ crosssections coincide quite well with the "true" XQ exclusion lines obtained by simulating XQ events. This means, efficiency maps or cross-section upper limit maps for the stop-neutralino simplified model can safely be applied to the XQ case under consideration in this paper. It would thus be of advantage if the official maps by ATLAS and CMS extended to high enough masses to cover the 95% CL reach for fermionic top partners, which is currently not the case.
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Benchmark ( Figure 6. Comparison of constraints in the top-partner versus DM mass plane based on the MadAnalysis 5 recast code for the ATLAS gluino/squark search with 2-6 jets. As in Fig. 5 , the various lines indicate the regions excluded at 8 TeV for the SUSY and XQ cases, and for the case where the SUSY efficiencies are applied to the XQ cross-sections. The plots also contain the information which SRs are the most sensitive ones for each point of the scan. Note that no stop-neutralino mass limit is obtained from this analysis.
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Conclusions
We have studied how various analyses targeting tt + E miss T signatures, carried out by ATLAS and CMS in the context of SUSY searches, perform for models with fermionic top partners. Taking a simplified XQ model with one extra T quark and one DM state and comparing it to a simplified stop-neutralino model, we found that given the same kinematical configuration, SUSY and XQ efficiencies are very similar. The situation is different for generic multi-jet + E miss T searches targeting light-flavour squark and gluino production: here we found larger efficiencies for the SUSY than for the XQ case.
Putting everything together, we conclude that cross-section upper limit maps and efficiency maps obtained for stop simplified models in stop searches can also be applied to analogous models with fermionic top partners and a DM candidate, provided the narrow-width approximation applies. An exception may be the region of very small mass differences, where uncertainties in the total cut efficiencies become sizeable, though this does not influence much the actual limit.
12 To fully exploit the applicability to different top partner models, we encourage the experimental collaborations to present their cross-section upper limit and efficiency maps for a wide enough mass range, covering not only the reach for stops but also the reach for fermionic top partners. For the generic multi-jet + E miss T searches, on the other hand, it would be worthwhile to have efficiency maps specifically for the XQ model. As a service to the reader and potential user of our work, we provide the efficiency maps which we derived with CheckMATE and MadAnalysis 5 as auxiliary material [80] . The numbers of expected background and observed events from the experimental analyses, needed for the statistical interpretation, are summarized in Appendix B.
The similarity of SUSY and XQ efficiencies also means that, should a signal be observed in tt + E miss T events, it is not immediately obvious whether it comes from scalar or fermionic top partners. Since the production cross-section (assumed here to be pure QCD) is significantly larger for fermionic than for scalar top partners, one way of discrimination may be to correlate the effective mass scale, M eff , or the effective transverse mass [81] , with the observed number of events, see Fig. 7 for an illustrative example. (This was also observed in [82] . However, as pointed out in [18] , for small XQ-DM mass splittings the decay products become softer and the discrimination from the SUSY case by cross-section and M eff is lost.) Moreover, in the case of fermionic top partners, a corroborating signal may show up in generic gluino/squark searches, which have much less sensitivity to scalar top partners. Fi- Comparison of the M eff distributions for SUSY and XQ scenarios, after preselection cuts of the CMS 1-lepton stop search [21] . Here, M eff is computed as
The green, violet and blue histograms are for the default (600, 10) benchmark points, while the orange and brown histograms show XQ scenarios that would give roughly the same visible cross-sections as the (600, 10) SUSY cases.
nally, the distinction between the two scenarios may be refined by considering special kinematic distributions as discussed in [83] [84] [85] .
A Additional CheckMATE results
As mentioned in Section 4, the ATLAS analyses [20] (1-lepton stop) and [23] (2-6 jets gluino/squark) are also implemented in CheckMATE. For completeness, we show in Fig. 8 the CheckMATE results for these two analyses together with the constraints obtained when considering all CheckMATE ATLAS analyses simultaneously.
For the 1-lepton stop search from ATLAS, top row in Fig. 8 , we note that the official SUSY limit is less well reproduced than for the corresponding CMS search recast with MadAnalysis 5, cf. the middle row of plots in Fig. 5 . This is expected, as the signal region tN_boost of the ATLAS search, which is optimised for high mass scales and boosted tops and is indeed the most sensitive SR for stop masses around 600 GeV, is not implemented in CheckMATE. Moreover, there is a larger dependence on the top polarisation, as can be seen from the limit curves but also from the colour codes identifying the most sensitive SRs. Nonetheless, the resulting limit on XQs is very similar to that obtained from recasting the CMS search with MadAnalysis 5. The fact that a stronger limit is obtained fort R then fort L was also mentioned in the experimental paper, see Fig. 24 in [20] .
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B Experimental data
For convenience, we here list in Tables 13-17 the numbers of expected background and numbers of observed events from the experimental analyses used in this paper.
Signal Region # expected events # observed events SR1 17.5 ± 3.2 15 SR2
4.7 ± 1.5 2 SR3
2.7 ± 1.2 1 Table 13 . Results from the fully hadronic stop search from ATLAS [19] .
Signal Region # expected events # observed events t 1 → t +χ Table 17 . Results from the generic squark and gluino search from ATLAS [23] .
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